We describe the occurence of extensive post-fertilization maternal provisioning (matrotrophy) in fish species in the subgenus Pamphorichthys (genus Poecilia: family Poeciliidae) that represents one of two independent origins of this adaptation in this genus. Matrotrophy is accompanied by a reduction in yolk in eggs at fertilization, a thickened follicle throughout development, and externalization and anterior extension of the embryonic pericardial membrane. These features resemble the anatomical adaptations for placentotrophy described in other members of this family and accompany a substantial increase in dry mass of the embryo during development. Species mean values for the increase in embryo mass range from a low of less than two-fold (Pamphorichthys minor) to greater than 50-fold (Pamphorichthys hasemani). Different populations of Pamphorichthys araguaiensis show a range from less than a two-fold to greater than 16-fold increase in dry mass during development. Such substantial differences in matrotrophy among closely related species and within species make Pamphorichthys a promising group with which to study the adaptive value and the genetic basis of matrotrophy.
INTRODUCTION
Live-bearing fishes are remarkable for their diverse means of post-fertilization maternal provisioning (matrotrophy), which include adaptations for feeding upon sibling ova (oophagy) and developing siblings (adelphophagy) and for nutrient absorption via specialized embryonic epithelium that is not directly associated with maternal tissues (trophodermy) or via placentas (placentotophy) (Dulvy & Reynolds, 1997; Wourms et al., 1988) . Although matrotrophy in teleosts may not require or depend solely on placental exchange (Wourms et al., 1988; Skov et al., 2010) , many teleost species do show organs that are functionally equivalent to a mammalian placenta -follicular, trophotaenial, or buccal and branchial placentas -all of which fit into the generally accepted definition of placentas as any 'intimate apposition or fusion of the fetal organs to the maternal (or paternal) tissues for physiological exchange' (Mossman, 1937: 156; Wourms et al., 1988; Crespi & Semeniuk, 2004) .
Matrotrophy creates a dramatic shift in the timing of resource allocation. Non-matrotrophic, livebearing organisms must fully provision an ovum prior to fertilization; size at birth is determined by maternal provisioning before the egg is fertilized and how these resources are used during development. Matrotrophic species invest less resources prior to fertilization and instead provision offspring throughout development. Size at birth is thus determined by the extent of maternal provisioning during development. Matrotrophy could create the potential for added flexibility in how mothers allocate resources to young, such as through adjustments of litter size and offspring size in response to fluctuating resource availability (Trexler & DeAngelis, 2003; Crespi & Semeniuk, 2004; Pollux & Reznick, 2011) . In addition, this shift in the timing of resource allocation also creates the potential for intergenomic conflict because most maternal provisioning occurs while the genome of the embryo, which includes the paternal haploid contribution, is expressed (Trivers, 1974; Haig, 1993; Crespi & Semeniuk, 2004; Schrader & Travis, 2005; Ala-Honkola et al., 2011) .
The fish family Poeciliidae offers particular promise for advancing the study of the evolution of matrotrophy because of remarkable variation among species in the extent of post-fertilization maternal provisioning (Pollux et al., 2009) . All species of Poeciliidae, except one, bear live young, but the live-bearers range from species that fully provision eggs prior to fertilization to species that provide greater than 99% of the resources required for growth and development after fertilization (Pollux et al., 2009) . Furthermore, extensive matrotrophy has evolved independently at least nine times (Heterandria formosa -Turner, 1940 ; three times in Poeciliopsis - Reznick et al., 2002; Xenodexia ctenolepis -Reznick et al., 2007; twice in Poecilia -Meredith et al., 2010 ; once in Phalloceros - Arias & Reznick, 2000 ; once in Phalloptychus - Pollux & Reznick, 2011) . Anatomical studies of a subset of these species (e.g. Turner, 1937 Turner, , 1940 Wourms et al., 1988; Grove & Wourms, 1991 , 1994 Scrimshaw, 1944a; Kwan et al., 2015; Olivera-Tlahuel et al., 2018) reveal that maternal provisioning is via a combination of the maternal follicle and modified embryonic tissues. The embryonic side of the placenta may be either a modified yolk sac or an externalized pericardial membrane (Turner, 1940) .
Here, we describe life-history traits of multiple populations from five out of the six species in Pamphorichthys, which is a subgenus of the genus Poecilia (sensu Rosen & Bailey, 1963) . We quantify their post-fertilization maternal provisioning, determine whether superfetation is found in this clade and present photographs that illustrate the gross anatomy of the tissues that form the maternal-embryonic interface. In a companion paper (Meredith et al., 2011) , we presented a phylogenetic analysis of Pamphorichthys, including representatives of other subgenera of Poecilia, based on DNA sequences from two mitochondrial and six nuclear loci. Meredith et al. (2011) found that Pamphorichthys (sensu Costa, 1991 ) is a monophyletic cluster that falls between clades that correspond to the subgenera Limia and Poecilia. Two species of Cnesterodon, the sister genus to Poecilia, are included as outgroups (Fig. 1) . Rosen & Bailey (1963) included Pamphorichthys as a subgenus in their genus Poecilia; other subgenera included Limia, Poecilia and Lebistes. Systematists have recently reinstated the genus Micropoecilia (Meyer, 1993) to include newly described species and some taxa previously placed under Lebistes. In addition, Limia and Pamphorichthys have been reinstated as distinct genera. Use of the genus 'Poecilia' has been retained, however, for some taxa that had formally been placed in the subgenera Poecilia and Lebistes. Here, we will follow the convention set by Rosen & Bailey (1963) (as discussed by Meredith et al., 2010) and treat these taxa as subgenera of the genus Poecilia. Meredith et al. (2011) and Hrbek et al. (2007) have shown that the monophyly of Poecilia sensu Rosen & Bailey (1963) is sustained in a large-scale DNA-based analysis of the family Poeciliidae and that Cnesterodon is sister to the clade containing Rosen & Bailey's Poecilia (i.e. Pamphorichthys, Poecilia, Limia and Lebistes) .
MATERIAL AND METHODS

Study SpecieS
Pamphorichthys (sensu Costa, 1991; Regan, 1913) contains six species, namely Pamphorichthys araguaiensis (Costa, 1991) , Pamphorichthys hasemani (Henn, 1916) , Pamphorichthys scalpridens (Garman, 1985) , Pamphorichthys hollandi (Henn, 1916) , Pamphorichthys minor (Garman, 1985) and Pamphorichthys pertapeh (Figueiredo, 2008) . The last of these species is endemic to a single, small lake (Figueiredo, 2008) and is not included in our study. All Pamphorichthys species are native to the main river drainages of Brazil, although Pamphorichthys hasemani can also be found in parts of the Paraguay River drainage that extend into Bolivia (Lucinda & Reis, 2005) . The scientific literature contains virtually no information about this genus beyond its systematics. Rosen & Bailey (1963) also included Poecilia heterandria in this subgenus. It had formerly been classified as a member of the subgenus Limia and has recently been reclassified within the separate genus Pseudolimia (Poeser, 2002) . Our own phylogeny places Poecilia heterandria in the subgenus Limia (Meredith et al., 2011) . We include data on this species here for the sake of completeness.
Life-hiStory anaLySeS
We describe the life histories from 16 populations/five species of Pamphorichthys, three populations/two species of the subgenus Limia and three populations/two species of the subgenus Poecilia derived from the dissection of preserved, wild-caught specimens obtained from museum loans (Table 1) . We quantified female standard length (SL, mm), number of embryos and mean embryo dry weight (mg) for each dissected individual. The stage of development of all embryos was defined on a scale from 0 to 45, in a system modified from Reznick (1981) and Haynes (1995) . When this scale is applied to a lecithotrophic species, it yields data on changes in dry weight over development that are well described with a linear regression with a negative slope, meaning that offspring lose dry mass at a constant rate. This scale thus provides a frame of reference for evaluating maternal provisioning either prior to or after fertilization. In most cases, we measured the ovary wet weight (mg) and female wet weight (mg) to obtain an estimate of the reproductive allocation (RAwet) defined as the ratio between wet mass of the ovary and total female wet mass, including the ovary. In the few cases in which females could be desiccated (i.e. were not from museum loans), we also obtained the somatic dry weight of females and embryos, enabling us to estimate reproductive allocation (RAdry) as the percentage of total dry mass composed of developing embryos. We also report the minimum size at reproduction, based on the dissection of two to three females per millimetre size class, as the boundary between small, non-reproductive females and larger, reproductive females. This size serves as an estimate of the size at which females attain sexual maturity. We were sometimes limited in the number of fish available for dissection so this size may instead be the smallest reproducing female present among those that were dissected and may thus be larger than the size at maturity. The degree of superfetation (number of simultaneous developing broods) per collection was estimated as both the average and the maximum number of developing broods within females. Further details on the procedures to obtain life-history data are described in Reznick et al. (1992) and .
We characterized maternal provisioning with the matrotrophy index (MI). MI is defined as the ratio between offspring average dry mass at birth and average dry mass of fully yolked ova (stage 0; Reznick et al., 2002) . We used average embryo dry mass at the latest developmental stage of embryos prior to birth (stage 45) as an estimate of offspring dry weight at birth. We estimated these values for all populations based on the linear or quadratic regression models between stage of development (independent variable) and embryonic dry mass (dependent variable). Data were natural log-transformed as needed to meet assumptions of regression analyses. For populations for which we had multiple estimates of ova dry weight or early developing embryos (stages 0 and 5) and stage 45, we also estimated MI directly. Estimated MI values based on the actual ratio between average stage 45 embryos and ova dry weights generated similar results to estimates based on regression models (Table 2) .
RESULTS
Life hiStory
All five species of Pamphorichthys have a relatively small minimum and mean size of reproducing females. The minimum size of reproducing females ranges from 11.79 to 19.57 mm, while mean size ranges from 13.85 to 23.56 mm. This ranks the smaller species of Pamphorichthys alongside the smallest species in the family Poeciliidae, such as Heterandria formosa (Cheong et al., 1984; Leips et al., 2000) . The average size of their offspring at birth is equally small, Figure 1 . Maximum posterior probability tree from nuclear-only dataset showing the distribution of maximum superfetation and matrotrophy index (from Meredith et al., 2011) . The superfetation values represent the maximum number of simultaneous developing broods per female for each species. If we evaluated more than one population per species, then the reported matrotrophy index values represent the range of values found across all populations for that species. Samples from which DNA was extracted for a given species did not always correspond to populations from which we obtained life-history data Meredith et al., 2011). ranging from 0.25 to 0.79 mg dry mass (Table 3 ). The smaller end of this size range represents the smallest size at birth seen in any of the Poeciliidae. The largest offspring, seen in the Olaria River population of Pamphorichthys hollandi, are still relatively small, being quite similar to the offspring size of Poecilia reticulata (the guppy) from high predation environments (Reznick & Endler, 1982) .
Mean brood sizes among species range from three to over 19 offspring. There is also considerable variation among populations within species in brood size, with mean values ranging from 4.7 to 18 embryos in Pamphorichthys hollandi and from 6.8 to 19.4 embryos in Pamphorichthys araguaiensis. Some of this variation is attributable to differences among populations in the mean size of reproducing females (Table 4) . Estimates of reproductive allocation based on dry mass (RAdry) yield relatively low values, ranging from 5.44 to 7.55% of total dry mass. All of these values fall below what we generally see in guppies from low predation environments, which have the lowest RA values for that species (Reznick & Endler, 1982; Reznick et al., 1996) .
MaternaL proviSioning
All Pamphorichthys are matrotrophic, as evidenced from a gain in the dry mass of embryos over the course of development (Fig. 2) . The embryos of Pamphorichthys hasemani, the species with the largest MI, increase in dry mass 52-fold between fertilization and birth in one population (Table 3, Fig. 2) . The other species of Pamphorichthys show a range from a less than two-fold increase in dry mass during development (Pamphorichthys minor and one population of Pamphorichthys araguaiensis) to a greater than 27-fold increase in one population of Pamphorichthys hollandi (Table 3, Fig. 2) .
The actual pattern of mass increase throughout development was often best described by an accelerating function (hence the linearization of the weightstage relationship with a log transformation -Figs 2, 3, Table 2 ), as is the case in other species of Poeciliidae with extensive post-fertilization maternal provisioning (e.g. Reznick et al., 2002 Reznick et al., , 2007 . One apparent exception to this trend was Pamphorichthys minor, which had one of the lowest MI values (1.63; Table 3 , Fig. 2 ). No females in this sample contained fully yolked ova without developing embryos, which makes our estimate of MI conservative, but the sample size was relatively large (25 reproducing females; Table 4 ) and includes all other stages of embryonic development, so its low MI value is unlikely to be an artefact of poor sampling. There is variation among populations in maternal provisioning in P. araguaiensis. The population from the Manissamá-Miçu River had an MI value of 1.52 while the other three populations had values that ranged from 6 to 19. The lower MI value for the Manissamá-Miçu River population is attributable to the relatively large stage 0 to 25 embryos in comparison with the other populations (Fig. 3) .
Superfetation
We did not observe superfetation in any individual of Pamphorichthys araguaiensis (N total = 69), Pamphorichthys hollandi (N total = 127), Pamphorichthys minor (N total = 25) or Pamphorichthys scalpridens (N total = 26). However, we did observe superfetation in two of the 22 individuals of Pamphorichthys hasemani that we dissected. These individuals were collected from localities near each other (Mutum Bay and Mutum River populations). In each case, one brood was in a very early stage of development (stage 10, or 'uneyed stage' of Reznick, 1982) and one brood was in advanced developmental stage (stage 42.5, Mutum River female; or stage 40, Mutum Bay female). The difference in the stage of development of these two groups of embryos is large enough for us to be confident that they do not represent within-brood variation. In addition, stage 10 embryos from both females were normal in appearance, rather than having the appearance of being aborted members of the brood at more advanced development. In one population (Mutum Bay), the individual with superfetation was the largest of ten females dissected (18.58 mm SL; population average was 14.96 mm SL, Table 4 ). Only two individuals were dissected from the Mutum River population and they were nearly equal in size (14.48 and 14.56 mm SL). These observations imply that P. hasemani is capable of superfetation, even if it is a relatively rare phenomenon.
We also analysed the life histories of Poecilia (Limia) dominicensis, Poecilia (Limia) heterandria, Poecilia (Limia) melanogaster, Poecilia (Mollienesia) caucana and Poecilia (Mollienesia) latipunctata. These four species, along with the five species of the subgenus Pamphorichthys, formed a distinct clade within the genus Poecilia that was consistently supported by all our phylogenetic analyses ( Fig. 1 ; Meredith et al., 2011) . All five species of Mollienesia and Limia were lecithotrophic and lacked superfetation (Tables 2  and 5 ; Fig. 4 ). Lecithotrophy is indicated by the pattern of embryo weight loss, and hence MI values of less than 1, as development progressed (Table 5 ). The Limia/Mollienesia outgroups also tend to differ from Pamphorichthys in having substantially larger individuals, producing larger litters (Table 6 vs. Table 4 ) and much larger offspring at birth (Table 5 vs. Table 3 ).
reproductive anatoMy
The gross anatomy associated with the four species with high MI values was very similar to what has been reported for other species of viviparous poeciliids (Fig. 5) , which is why we consider placentotrophy to be a probable source of embryonic provisioning. First, the size of the egg at fertilization is relatively small and all external yolk disappears during development, before growth of the embryo is complete. Second, the follicle is noticeably thickened throughout development, as is typical in other species with high MI values (Wourms et al., 1988; Grove & Wourms, 1994; Kwan et al., 2015; Olivera-Tlahuel et al., 2018) . Third, the embryos have an externalized and vascularized pericardial membrane (Fig. 5 ) that is configured in the same fashion as in H. formosa and placentotrophic Poeciliopsis species (Turner, 1940) . These observations are all consistent with the extensive increase in dry mass during development and suggest that matrotrophic species in the subgenus Pamphorichthys rely on placentotrophic resource allocation.
DISCUSSION
PamPhorichthys Life hiStorieS
Our most important result is the discovery of extensive matrotrophy in this subgenus, accompanied by an anatomical similarity to what has been interpreted as placentotrophy in other species in the family Poeciliidae (Wourms et al., 1988) . This occurrence of matrotrophy represents an additional, independent evolutionary origin of extensive post-fertilization maternal provisioning in this family. Because there is also substantial variation in post-fertilization provisioning within the subgenus and closely related outgroups that are lecithotrophic, this species cluster provides a new resource for addressing the causes and consequences of the evolution of matrotrophy. Matrotrophy is most often associated with superfetation in the family Poeciliidae (Meredith et al., 2011) , so much so that Constantz (1989) suggested that these are two facets of the same adaptation. Thibault & Schultz (1978) were the first to document that Poeciliopsis monacha has superfetation but lacks matrotrophy. An analysis of the entire genus Poeciliopsis (Reznick et al., 2002) revealed that the most likely common ancestor of this genus had superfetation but lacked matrotrophy and that matrotrophy evolved three times within the genus. This analysis also revealed that several other species of Poeciliopsis were lecithotrophic. Other well-described matrotrophic poeciliid species -H. formosa (Turner, 1937; Scrimshaw, 1944a, b; Schrader & Travis, 2005) , Xenodexia and Poecilia (Micropoecilia) spp. -also have superfetation. Arias & Reznick (2000) documented the first example of a species with matrotrophy but without superfetation. They found that some populations of Phalloceros caudimaculatus had small to moderate amounts of matrotrophy, with MI values of up to 4. Trexler (1985 4. Trexler ( , 1997 has shown that Poecilia (Mollienesia) latipinna can exhibit facultative matrotrophy, but can only attain MI values that approach 1, which means that the amount of post-fertilization maternal provisioning in this species approximately equals the amount of energy lost by the embryo while converting yolk to body mass, assuming equal energy content per unit dry mass. The observations from lecithotrophic species of Poeciliopsis and matrotrophy without superfetation demonstrate that these traits are actually not different facets of the same adaptation. They can instead evolve independently of one another, although they most often appear together.
Pamphorichthys stands out because most of the populations studied have such extensive matrotrophy, with MI values of up to 52, yet there is no evidence of superfetation in four of the species and a minimal level of superfetation in the fifth (Pamphorichthys hasemani). Such extensive matrotrophy in the absence of superfetation is unique among the species of Poeciliidae that have thus far been characterized.
It is interesting that the species with highest MI (Pamphorichthys hasemani) is also the only one in which two of 22 dissected individuals had superfetation. The number of developing broods can be affected by environmental factors such as food availability; low food availability can result in lower levels of superfetation (Travis et al., 1987; , so it is possible that the expression of superfetation in a wild-caught population reflects low food availability at the site of collection. The presence of such variation in our samples at least holds out the promise of there being populations within a species that differ in the presence and absence of superfetation, which would facilitate the study of a possible genetic association between extensive placentotrophy and superfetation as well as the study of the extent to which superfetation and/or extensive placentotrophy can be interpreted as local life-history adaptations. Casatti et al. (2006) reported that Pamphorichthys hollandi has superfetation, which is inconsistent with our investigation of this species based on the dissection of 127 individuals from eight populations. We found that their methods and definition of superfetation were at variance with those that are traditionally used. They reported the concurrent presence of yolking ova without any embryos plus one brood of developing embryos within an individual as evidence for superfetation. This observation (made for all except one species included in this study) is common to many poeciliids and is evidence that ova are being yolked while a brood of developing embryos is still present in the ovary. This reproductive tactic falls within the broad definition of 'clutch overlap', the simultaneous investment in two clutches, which is also found in some birds (Burley, 1980) . The widely accepted definition of superfetation is the presence of groups of embryos that are in discretely different and well-separated stages of development (Turner, 1940; Scrimshaw, 1944b; Wourms, 1981; Travis et al., 1987) .
iMpLicationS of phyLogenetic anaLySeS for LifehiStory StudieS
Our companion paper on the molecular phylogenetics of Pamphorichthys shows that the representative Limia and Mollienesia, which are all lecithotrophic, are the sister groups to Pamphorichthys. We have also documented that three species in the subgenus Micropoecilia (Poecilia parae, Poecilia branneri and Poecilia bifurca) all have both matrotrophy and superfetation . Likewise, the sister species to this group (Poecilia reticulata, Poecilia wingei, Poecilia picta) are all lecithotrophic and lack superfetation. Such consistent life histories in the sister group species of the Poecilia (Limia) + Poecilia (Mollienesia) caucana + Poecilia (Mollienesia) latipunctata + Poecilia (Pamphorichthys) clade and again in the Poecilia (Micropoecilia) + Poecilia ( Acanthophacelus) reticulata + Poecilia (Acanthophacelus) wingei clade suggests that placentation evolved twice within the genus Poecilia (sensu Rosen & Bailey, 1963) , once in the common ancestor of the subgenus Pamphorichthys and a second time in the common ancestor of Poecilia parae, Poecilia branneri and Poecilia bifurca. We will test this hypothesis of two independent origins of matrotrophy in the genus Poecilia (sensu Rosen & Bailey, 1963) in the future with a formal analysis of the phylogeny and life histories of this entire clade.
The differences in life histories between the five Pamphorichthys species and the representative Limia and Mollienesia outgroup species also suggest correlates of the evolution of matrotrophy in Pamphorichthys. All five species of Pamphorichthys have considerably smaller body sizes and offspring sizes relative to the outgroup species. This trend suggests that the evolution of matrotrophy in the common ancestor of Pamphorichthys was accompanied by the evolution of smaller body size and smaller offspring size; smaller body size is well correlated with an earlier age at maturity in other poeciliids (Reznick, 1982; Reznick & Endler, 1982; . These trends again yield hypotheses that we will test in a future analysis of life-history variation in the family Poeciliidae (sensu Rosen & Bailey, 1963) .
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Poecilia (M.) latipunctata
Guayalejo 20/21 24.0 31.5 (1.2) . 8.8 (0.9) 2.54 18.6 (0.9) .
*Number of reproductive females out of total number of females dissected. In the case of Poecilia (M.) caucana from Rio Apon, we determined that 23 females were reproductive, but embryos from only 19 individuals were extracted. 
